guidelines that estimate amounts of N needed by the crop and amounts of N supplied by the manure and the
supply relative to needs of the plants on a scale ranging performance of the commonly accepted approach is objectively evalufrom below to above optimal (Blackmer, 2000) . Balkated under realistic field conditions. com et al. (2003) recently showed that testing soils for inorganic N after fertilization offers an effective way to evaluate N management practices and guidelines given L and application of animal manure provides N needed to farmers. for corn production, but there is great uncertainty Performance of the soil-testing approach to estimating in the amount of N a given application of animal manure fertilizer need is usually evaluated by considering ability will supply for plant growth (Bouldin et al., 1984; Boul- to predict yield responses (often expressed as relative din and Klausner, 1998; Sharpley et al., 1998; Klausner yields) to fertilizer N under field conditions. Such evaluet al., 1994; Blackmer, 2000) . Schepers and Fox (1989) ations are reasonable because fertilizers are applied to attributed this uncertainty to (i) inaccurate and vague increase yields. The problem addressed in this paper estimates by farmers concerning amounts of manure is that we can find no published studies that provide applied, (ii) extreme variation in N concentrations in comparable evaluations of the performance of the genmanure, (iii) variable amounts of N lost by NH 3 volatileral-guideline approach (i.e., estimating N fertilizer needs ization following unincorporated surface applications, by following general guidelines that do not include soil (iv) uncertainty concerning the proportion of the matesting for NO 3 ). There is need for such evaluations benure N that will become available for plant uptake, and cause reports indicate that most farmers make little or (v) the possibility that manure additions will increase no downward adjustment in rates of N fertilization for N losses due to denitrification.
N already applied as animal manure (Duffy and White, This uncertainty causes problems when selecting rates 1998; Nowak et al., 1998; Balkcom et al., 2003) . Balkat which commercially prepared fertilizer N should be com et al. (2003) found that farmers may have valid applied after the manure. These problems usually are reasons for not making these adjustments. The reliabiladdressed by encouraging farmers to follow general ity of methods for estimating N fertilizer needs is more important than ever before because land application of (SAS Inst., 1996) . Relationships were considered N application require substantially different analyses statistically significant at P ϭ 0.05. Protected least significant and will be presented elsewhere.
difference (LSD) values for yield responses for pooled data were calculated as described by Snedecor and Cochran (1980) .
MATERIALS AND METHODS

RESULTS AND DISCUSSION
Corn yield responses to commercially prepared fertilizer N were measured in 205 trials in cornfields that had been treated
Comparison of Abilities to Explain
with animal manure by farmers using their normal practices.
Yield Responses
The trials were distributed across 28 counties in Iowa, with approximately equal numbers each year from 1992 through Concentrations of NO 3 found in the surface 30-cm 1997. Sites were selected to include variety with respect to layer of soil explained 26% of the variability in yield soil type, manure type, and rate, method, and time of applicaresponse observed across all sites (Fig. 1A) . Concentration. Soil and crop management practices (except N fertilization) were those normally used by each farmer.
The manure came from beef cows (Bos taurus) at 22 sites, dairy cows at 9 sites, swine (Sus scrofa) at 149 sites, and poultry at 9 sites. Sixteen sites received two or more forms of animal manure. Approximately equal numbers of sites were manured in the fall, winter, and spring before planting. Farmers provided information concerning amounts, type, and time of manure application. Manure analyses were available for about one-third of the sites. At the remainder of the sites, N content of the manure was estimated by using information given by Killorn (1995) .
Each trial consisted of 16 plots arranged in a randomized complete block design with four replications. Plots were 12.2 m long and six rows (separated by 76 cm) or four rows (separated by 91-97 cm) wide. The experimental sites were selected on different areas of seemingly uniform soil each year. Experimental areas were prominently marked early enough to avoid unwanted application of N by farmers. Yield potential for the soil map unit for each trial was obtained from the appropriate county soil survey manual and from an updated soils database (Fenton and Miller, 1996) . Soil samples were collected from each block within each site when corn plants were 15 to 30 cm tall (usually within 1 wk of 1 June). Each sample was derived from a composite of 32 soil cores. The soils were air-dried, ground, and extracted with 2 M KCl. The extracts were analyzed for NO 3 and exchangeable NH 4 by the Lachat flow-injection procedure (Method 12-107-4-1-B, Lachat Instruments, Milwaukee, WI). Composite samples from each site were used for determination of (Bray and Kurtz P-1) P, ammonium acetate-exchangeable K, soil organic matter concentration, and pH (in water) as described by Brown (1998) . Rainfall amounts (county averages) were obtained from the National Climatic Data Center (http://www.ncdc.noaa.gov; verified 23 Oct. 2003).
Within 7 d after soil samples were collected, four rates of N (0, 33, 67, and 100 kg N ha Ϫ1 ) were broadcast (by hand) on the soil surface. In 1992 In , 1993 In , and 1994 , N was applied as ammonium nitrate (NH 4 NO 3 ). In 1995 In , 1996 In , and 1997 , N was applied as urea [(NH 2 ) 2 CO]. Grain was hand-harvested from 7.6-m sections of the center two rows of each plot. Yields were adjusted to 15.5% moisture content. Yield responses to N fertilization were calculated by subtracting the yields of the of N application because presenting data for all rates would mate N fertilizer needs in fields already treated with animal manure. Ability to explain variability in yield responses (i.e., r 2 values) offers a rational estimate of ability to estimate fertilizer needs because fertilizers are applied to increase yields of grain and because fertilizer needs tend to increase as magnitude of yield response increase. Ability to explain observed variability in yield responses across a wide range of field conditions pro- Figure 1 evaluates a basic assumption of the soiltesting approach, namely that yield responses to fertilizer should tend to decrease as concentrations of soil tions of NO 3 found in the surface 60-cm layer of soil inorganic N increase. Figure 2 evaluates a basic assumpexplained 34% of this variability (Fig. 1B) . Concentration of the general-guidelines approach, namely that tions of NO 3 in the 30-to 60-cm layer of soil (not shown) yield responses to fertilizer should tend to decrease as explained 22% of the variability in yield response. Conrates of manure-N application increase. The finding that centrations of exchangeable NH 4 in the surface layers the relationship in Fig. 1 is better than that in Fig. 2 were not significantly related to observed yield reindicates that the soil-testing approach performed betsponses (Fig. 1C) . Exchangeable NH 4 -N plus NO 3 -N in ter than the general-guideline approach. The generaleach layer explained no more of the variability than was guideline approach to estimating N fertilizer needs did explained by NO 3 -N alone (Fig. 1D) . The finding that not meet the standards of performance normally ex-NH 4 concentrations were relatively unimportant is conpected of the soil-testing approach. sistent with results of earlier studies (Binford et al.,
The finding that rates of manure-N application did 1992; Sims et al., 1995) .
not show useful relationships with yield responses to No significant relationship was found between rates fertilizer N was not expected because sites were selected of manure-N application and yield responses to fertilizer to include an unusually wide range in rates of manure-N ( Fig. 2A ). Significant relationships were not found even N application. This unexpected finding cannot be attribwhen only the most common types of manure (liquid uted to errors in farmer-derived estimates of manure swine) and placement (injection) were considered (Fig. application rates or amounts of manure-N applied be-2B). Analyses (not presented) showed that significant cause similar soil NO 3 concentrations and yield rerelationships were not attained by considering only sites sponses were observed at the highest and lowest rates where the manure was analyzed or by adjusting rates of manure application. It is unlikely that farmers lacked of application for expected losses by using published ability to distinguish between the highest and the lowest guidelines (Killorn, 1995) . Significant relationships simirates of manure-N application. lar to those in Fig. 2 could not be attained by considering yield responses observed when fertilizer N was applied
Other Predictors of Yield Response
at rates of 33 or 67 kg ha Ϫ1 or those observed for the highest-yielding treatment mean.
Several additional factors were found to show signifiComparisons of the relationships in Fig. 1 and 2 are cant relationships with yield responses, and these factors meaningful because the soil-testing and general-guidedeserve attention when trying to explain differences in performance of the alternative approaches to estimating line approaches are used as alternative methods to esti- years studied. Inadequate data were collected to assess the effects of earlier applications of manure N. Yields observed on fertilized plots were significantly related to yield responses to fertilizer N (Fig. 5 ), but this relationship explained only 5% of the variability in yield response. Yield potentials in soil survey manuals were not significantly related to yield responses to added N (Fig. 6) . The yield potentials showed statistically significant linear relationships with yields observed on the fertilized plots, but this relationship explained only 2% an updated soils database (Fenton and Miller, 1996) .
Analyses (not shown) revealed no significant relationfertilizer needs. These factors are listed in order of deship between yield responses to fertilizer N and rainfall creasing ability to explain yield responses.
during May or March through May. Rainfall during Soil pH values were significantly related to yield rethese periods, however, explained 11% (slope ϭ Ϫ0.14) sponse, and this relationship explained 8% of the variand 17% (slope ϭ Ϫ0.12) of the variability in yields on ability in response (Fig. 3) . The greatest responses tended fertilized plots. Rainfall during the growing season to occur at the higher pH values. A possible explanation (April through September) explained 28% (slope ϭ for this effect is greater volatilization of NH 3 soon after Ϫ0.17) of the variability in yields observed on fertilized manure application to soils having relatively high pH plots, but it was not significantly related to yield revalues (Nelson, 1982; Fenn and Hossner, 1985) . Another sponses. The observation that rainfall was more imporpossible explanation is provided by the recent observation (Kyveryga and Blackmer, 2001 ) that higher soil pH values within the range of 6 to 8 promote more rapid nitrification and, therefore, increase losses of N by leaching or denitrification of NO 3 .
Soil-test values for P and K were significantly related to yield responses to applied N, and these relationships explained 6 and 7% of the variability in yield response (Fig. 4) . The greatest responses tended to occur at the lowest soil-test values. One possible explanation for these relationships is that the higher P and K soil-test values resulted from previous applications of animal manure and that these applications also increased rates of N mineralization in the soils. Linear relationships indicated that soil-test P explained 4% of the variability in soil NO 3 concentrations and that soil-test K explained 7% of this variability. Soil-test values for P and K were linearly related (r 2 ϭ 0.56). Soil-test values for P and K were not significantly correlated with manure N applied for the tant as a factor affecting yields than as a factor influencing yield response helps to explain why yields were not a good predictor of yield response. Soil organic matter concentrations were not significantly related to observed yield responses to applied N (Fig. 7) . Multiple-regression techniques failed to identify any models that could explain more than 10% of the tial or level, soil organic matter concentrations, and interactions of these factors. Because these are the factors sistent and important. Because it is clear that manure normally considered in the general-guideline approach, often has important effects on concentrations of inorthe results of these analyses offer little hope for improvganic N in soils, it must be concluded that manure N ing the performance of this approach.
did not have consistent effects across the sites studied. The foregoing analyses indicate that factors that exLack of consistent effects of manure N on supplies of plained only 5% of the observed variability in yield re-N for plant growth could explain the poor performance sponse could be detected at the 0.05 level of confidence of the general-guideline approach. by the methods used in this study. The lack of a relationLack of consistent effects should be expected because, ship that was significant at this level in Fig. 2 , therefore, as noted by Schepers and Fox (1989) , ammonia volatilsuggests that general-guideline approach as would be ization soon after application, denitrification of NO 3 , used by farmers explained less than 5% of the observed and variability in rates at which organic N in manure is variability in yield response. mineralized should be expected to vary greatly among sites and years. Leaching of NO 3 during spring rainfalls
Factors Affecting Inorganic
also should vary greatly among sites and years because
Nitrogen Concentrations
manure was applied weeks to months before soil NO 3 concentrations were measured. Indeed, concern about Concentrations of NO 3 -N and (NO 3 plus NH 4 )-N in the surface 60-cm layer of soil showed a statistically sigleaching of manure-derived NO 3 to water supplies is great enough to prompt regulatory action (Jackson et al., 2000; nificant linear trend to increase with increasing rates of manure-N application (Fig. 8) . These relationships, USEPA, 2001) . Recent studies in Iowa show that NO 3 concentrations in rivers tend to be higher in areas having however, explained only 4% of the variability in inorganic-N concentrations. There was no useful relationintensive livestock production (Kalkhoff et al., 2000) . Studies reported by Balkcom et al. (2003) indicate that ship between soil NO 3 concentrations and rates of liquid swine manure N injected into the soil. The finding that late-spring concentrations of NO 3 in cornfields treated with animal manure tend to decrease with increases in amounts of manure N explained relatively little of the variability in NO 3 concentrations was not expected beamounts of spring rainfall and be inversely related to NO 3 loads in rivers. cause the sites were selected to include an unusually wide range in rates of manure N application.
Immobilization of N by soil microorganisms decomposing organic compounds from manure may help exThe observed relationships between concentrations of inorganic N and corn yield responses to fertilizer N plain why rates of manure-N application showed poor relationships with soil NO 3 concentrations and yield re- (Fig. 1) suggest that soil testing would have detected effects of rate of manure-N application if they were consponses to fertilizer N. This possibility is supported by observations of Balkcom et al. (2003) , who found that Current guidelines for using the soil test in Iowa (Blackmer et al., 1997) indicate that fertilizer N should normal applications of animal manure by Iowa farmers supplied less NO 3 than was supplied by normal applicanot be applied when NO 3 concentrations in the surface 30-cm layer of soil exceed 20 mg N kg
Ϫ1
. The mean tions of commercial fertilizer. Although C/N ratios are known to influence amounts of N immobilized, these yield response for all sites testing higher than this critical concentration was -0.03 Mg ha Ϫ1 whereas the mean yield ratios are not considered in general guidelines for N management. Isotope studies indicate that relatively litresponse for all lower-testing sites was 0.93 Mg ha
. Unlike the general-guideline approach, therefore, soil tle of the N immobilized during the decomposition of organic materials in manure would be available for the testing for inorganic N in late spring showed potential for resolving the dilemma that N fertilization after applifirst crop (Broadbent and Nakashima, 1965; Legg et al., 1970; Green and Blackmer, 1995) . The cumulative efcations of manure is very profitable at some sites but not profitable at most sites. The extent to which benefits fects of immobilization from previous applications of manure, however, would increase soil N mineralization of soil testing can be increased by establishing relationships between soil test values and optimal rates of N rates and thereby influence measured soil NO 3 concentrations and yield responses to added N in ways that application is beyond the scope of this paper and will be addressed elsewhere. would be difficult to predict from general guidelines.
The preceding discussion illustrates that the performance of any method of estimating N fertilizer need ) were large enough to influence the beformance, therefore, can be made without knowledge of havior of farmers, they were usually too small to be which specific factors or processes were most important.
Small Yield Responses and Poor Predictability
statistically significant in single trials. In this study, for The finding that the soil-testing approach performed example, LSD 0.05 values for yields in individual trials better than the general-guideline approach suggests that ranged from 0.3 to 3.9 Mg ha Ϫ1 and had a mean of 1.09 factors affecting the N transformations and movement Mg ha Ϫ1 . These LSD values are representative of those after application of manure N were not adequately adusually found in N-response trials (Blackmer, 1986 ; Fox dressed by the general-guideline approach. This finding et al., 2001 ). When it is recognized that a yield response illustrates that performance-based evaluations can often of 1 Mg ha Ϫ1 usually has value greater than the price suggest why one approach works better. Soil testing for of the normal annual application of fertilizer N for corn, inorganic N in late spring avoids the difficult task of it becomes obvious that ability to refine estimates of predicting transformations and movement of N before fertilizer needs requires an ability to measure smaller the plants begin rapid growth because it measures the yield responses than are usually statistically significant net effects of all processes that influence supplies of N in individual trails. Although increasing numbers of tribefore this time.
als is an effective way to increase ability to detect statistically significant effects under conditions where yield
Importance of Predicting Responsive Sites
responses are small, the percentage of variability in yield responses explained (i.e., r 2 values of models) is often Simple calculations suggest that fertilization would have been profitable at more than a third of the sites.
considered too small to be of practical importance. The finding that soil testing for inorganic N explained Fertilization would have been profitable at 37% of the sites, for example, if the costs of fertilization were equiv-34% of the variability in yield responses in this study has little practical value unless it is noted that the general alent to 0.61 Mg of grain (0.11 Mg ha Ϫ1 for application, 0.50 Mg ha Ϫ1 for 100 kg of N). At sites where yield reguidelines given to farmers explained less than 5% of the variability under the same range of conditions. Obsponses were greater than 2.5 Mg ha Ϫ1 , fertilization would have provided more than $4 in grain for each servations that higher percentages of variability have been explained in other studies by restricting the range dollar invested in fertilizer. Large profits at a few sites are noteworthy because they prompt many farmers to of conditions are irrelevant because ability to explain variability under a carefully restricted set of conditions regard fertilization of all sites as necessary insurance against large economic losses (Fox et al., 1989; Babcock, does not give a valid estimate of ability to explain (or predict) yield responses across a much wider range of 1992; Schroder et al., 2000) . Information provided by the cooperating farmers indicates that the mean rate of conditions. The analyses presented in this study, therefore, suggest that objective evaluations of current meth-N applied outside the experimental areas was 143 kg N ha Ϫ1 .
ods for predicting yield responses to fertilizer N within a region may require working with relationships that The mean yield without addition of fertilizer N across all sites was 9.13 Mg ha
Ϫ1
, and the mean yield with explain relatively small percentages of the observed variability in yield response. 100 kg N ha Ϫ1 was 9.68 Mg ha
. Simple calculations, therefore, indicate that fertilization of all sites at this
The large number of trials in this study made it possible to identify factors that explained as little as 5% rate would have resulted in overall economic losses. The profitability of applying fertilizer N after animal of the variability in yield response at the 95% level of confidence. It should be considered a matter for conmanure, therefore, depends largely on ability to predict the responsive sites before fertilizers are applied. 
